Fibrosis is a pathological state with excessive deposition of extracellular matrix (ECM), which is commonly accompanied by chronic diseases in many organs, including the kidneys. Production of ECM occurs as a reaction against injury, and fibrosis itself is intrinsically a process to promote tissue repair. However, when it occurs in excess, it can deteriorate the functions of the affected organ. Therefore, fibrosis is not only an outcome of the injury, but also a mechanism leading to a further damage.^[@bib1]^

In the kidney, tubulointerstitial fibrosis with injured tubules and inflammatory leukocytes is a hallmark of chronic kidney disease (CKD) with renal dysfunction, regardless of its cause. As the glomerular filtration rate, which indicates kidney function, continually declines, CKD results in end-stage renal disease necessitating renal replacement therapy. However, decreases in the glomerular filtration rate correlate with tubulointerstitial lesions better than with glomerular lesions, even in glomerulonephritis.^[@bib2]^ Collectively, the literature suggests that tubulointerstitial injury is a common feature of renal dysfunction, and a leading candidate as a target for CKD therapies.

How does tubulointerstitial injury occur? One of the most important mechanisms is tissue hypoxia.^[@bib3]^ Rarefaction of peritubular capillaries can also be observed in almost all kidney diseases, decreasing the oxygen supply and inducing hypoxia in tubulointerstitial areas. Furthermore, in fibrosis, pericytes, a constituent of peritubular capillaries, detach from vessels and produce ECM, which compromises the capillaries.^[@bib1]^ Therefore, tubulointerstitial injury, hypoxia, and fibrosis are intricately related to one another, which is mediated by capillary rarefaction.

In this review, we verify the critical roles of hypoxia in the pathophysiology of CKD, briefly summarize the mechanisms of fibrosis, and discuss the effects of hypoxia in the context of fibrosis. Thereafter, we debate the potential of pericytes as a promising target for therapy in CKD, as it can ameliorate capillary loss as well as tissue hypoxia.

HYPOXIA IN CKD
==============

The kidney is physiologically hypoxic despite its plentiful blood supply (as much as 20% of the cardiac output in humans), because an oxygen shunt is present between arteries and veins that run in close proximity.^[@bib3]^ Therefore, it is reasonable to consider that erythropoietin-producing cells reside in the kidney, where they can sensitively detect hypoxia due to anemia. Physiological hypoxia in the kidney has been demonstrated in mammals using pimonidazole measurements and in hypoxia-monitoring transgenic mice and rats created by exploiting the hypoxia-inducible factor (HIF) system.^[@bib4],\ [@bib5]^ Augmented kidney hypoxia in CKD has also been confirmed in patients using blood oxygen-level--dependent magnetic resonance imaging,^[@bib6]^ as well as in animal models using the methods mentioned above.^[@bib5]^

In CKD, hypoxia occurs in tubulointerstitial areas through multiple mechanisms. First, glomerulosclerosis leads to a reduction of flow in downstream peritubular capillaries, which can be further compromised by constriction of the efferent arterioles of glomeruli and peritubular capillaries themselves due to activation of the renin--angiotensin system. Second, distortion and loss of peritubular capillaries due to fibrosis decreases blood perfusion. Third, ECM deposition by fibrogenesis widens the distance between capillaries and tubules, diminishing the efficiency of oxygen diffusion.

Following exposure to hypoxia, cells induce adaptive responses to survive the harsh environment. Among them, the HIF transcription factors have crucial roles ([Figure 1](#fig1){ref-type="fig"}).^[@bib7]^ HIFs are heterodimers composed of an α subunit, including HIF-1α, HIF-2α, and HIF-3α, and a common β subunit, HIF-1β. Despite their constitutive expression, the α subunits of HIF are degraded by proteasomes and are not functional under normoxic conditions. Prolyl hydroxylases (PHDs) hydroxylate the conserved proline residues of HIF-α using oxygen, recruiting the von-Hippel-Lindau protein, which is a recognition component of E3 ubiquitin ligase. This results in the ubiquitination of the modified HIF-α subunits, and eventually leads to their proteasomal degradation. Under hypoxic conditions, HIF-α escapes post-translational modification by PHDs, forms a heterodimer with HIF-1β, and promotes the expression of its target genes. Its targets include glycolytic enzymes, which allow anaerobic ATP production, and angiogenic factors, including vascular endothelial growth factors (VEGFs), which can promote new vessel formation to increase oxygen supply.

Despite such cellular-adaptive mechanisms, hypoxia causes tubular cell injury and death, which advances CKD.^[@bib8]^ The proximal tubules are considered more susceptible to hypoxia because they solely depend on aerobic oxidative metabolism.^[@bib9]^ Damaged tubular cells can, in turn, worsen glomerular lesions through tubular obstruction and maladaptive tubuloglomerular feedback. They can also induce interstitial fibrosis, as described below. Thus, tubular injury aggravates two leading causes of tubular hypoxia, glomerular injury and interstitial fibrosis, which forms a vicious cycle and advances CKD.

Therefore, these findings suggest that enhanced HIF activity might protect the kidney against hypoxic injury and suppress the progression of CKD. In fact, activation of HIFs by the systemic administration of an inhibitor of PHDs has been shown to mitigate tubular injury and capillary rarefaction in various CKD models.^[@bib10]^ These results suggest that inhibitors of PHDs may have therapeutic potential in CKD.

Recent studies have also demonstrated that hypoxia can cause epigenetic changes in cells. For example, hypoxic conditions alter the transcription of some genes through changes in the chromatin conformational structure and histone modification changes.^[@bib11]^ Such epigenetic alterations in hypoxic renal cells may affect the pathophysiology of CKD, and may be newly emerging targets for therapy.

MECHANISMS OF FIBROSIS
======================

In chronic diseases, tissue damage persists without resolution, often along with inflammatory leukocytes and fibrosis, as some repair mechanisms may be insufficient or maladaptive. Therefore, it is reasonable to consider recurrent and persistent injury to epithelial cells, which fulfill the predominant physiological functions in tissues, as the prime element that initiates and sustains fibrogenesis. Epithelial cell death can provoke pro-inflammatory responses through damage-associated molecular pattern molecule receptors, and lead to fibrosis. Cellular stress in epithelial cells also induces activation of innate immunity through the production of cytokines and chemokines.^[@bib1]^

The cells that actually produce pathologic ECM are called myofibroblasts (MFs), which are activated mesenchymal cells that express α-smooth muscle actin. Because epithelial-to-mesenchymal transition was proposed as a dominant mechanism that gives rise to MFs, their origin has been debated for decades. However, recent studies indicate that the dominant origin of MFs is not epithelial cells, but mesenchymal cells in most organs, including the kidneys, liver, lungs, skin, and spinal cord.^[@bib1]^ In the kidney, some studies have shown that most of these mesenchymal fibroblasts are attached to the microvasculature and have proven to be pericytes.^[@bib12]^ Other studies, however, argue that these mesenchymal progenitor cells are 'fibroblasts\', although they did not investigate their anatomical relationship with vessels.^[@bib13],\ [@bib14]^ Pericytes are cells that wrap around the endothelial tubes of capillaries, some of which are embedded in the basement membrane of capillaries with direct and indirect contact with endothelial cells.^[@bib15]^ Factors produced by injured epithelial cells and other cells, including VEGFs, platelet-derived growth factors (PDGFs), fibroblast growth factors, and transforming growth factor-β, activate pericytes and induce their detachment from capillaries and conversion to MFs.^[@bib1]^ In addition, it is worth noting that pericytes are erythropoietin-producing cells in the kidney, and MFs lose the capacity to produce this hormone.^[@bib13]^

Accumulation of inflammatory cells is accompanied by fibrosis. These cells are derived from both resident and recruited cell populations.^[@bib16]^ Among them, monocytes and macrophages have central roles in fibrosis. Resident macrophages maintain tissue homeostasis under physiological conditions and react upon tissue insults. Monocytes are leukocytes in the circulating blood, but they are recruited to damaged tissue, where they differentiate into macrophages. Although it is well known that these monocytes/macrophages have a broad spectrum of functions and are subdivided, e.g., M1 and M2 macrophages, as a whole, they are thought to have a tendency to promote renal fibrosis because their ablation in a typical fibrosis model, unilateral ureteric obstruction (UUO), mitigates fibrosis.^[@bib16]^ These cells produce profibrotic and pro-inflammatory factors, which maintain activation of MFs and their fibrogenesis. Furthermore, these inflammatory cells induce additional epithelial cell injury, creating a positive-feedback loop and developing fibrosis.

Taken together, fibrosis advances in a manner in which repetitive and unresolved epithelial injury primes pericyte activation, inducing them to become MFs and generate ECM, which is augmented by profibrotic monocytes/macrophages.

HYPOXIA IN FIBROSIS
===================

In this section, we will describe the roles of hypoxia, particularly HIFs, in fibrosis, with regard to its effects on epithelial cells, pericytes/fibroblasts, and monocytes/macrophages.

Epithelial cells
----------------

Increased HIF-α in the renal tubular cells of transgenic mice with conditional von-Hippel-Lindau protein knockout in adulthood enhances VEGF and PDGF-B expression and augments endothelial cell proliferation, increasing their numbers. Although increased production and deposition of ECM were also observed in these transgenic mice compared with control mice, they did not display renal injury or dysfunction^[@bib17]^ These results are consistent with studies showing that conditional knockout of HIF-1α in the proximal tubules lessens fibrosis in mouse UUO.^[@bib18]^ Given that deposition of ECM is a part of repair processes unless it is uncontrolled, it is suggested that HIF activation by hypoxia in tubular cells can mitigate renal damage through the upregulation of angiogenic and fibrogenic factors as adaptive responses. This idea is consistent with the observation that general activation of HIFs mitigates renal injury in a CKD model.^[@bib10]^

Pericytes
---------

Human renal fibroblasts, isolated by morphologic criteria, showed increased expression of collagen Iα1 and tissue inhibitor of metalloproteinase-1, when they were exposed to hypoxia.^[@bib19]^ By contrast, in mouse renal interstitial fibroblasts, hypoxia did not induce expression of collagen I, α-smooth muscle actin, or transforming growth factor-β1 *in vitro*.^[@bib20]^ The discrepancy may derive from differences in the origins of the cells and/or methods of culture. For example, in hepatic stellate cells, which are considered as the equivalent of pericytes in the liver, hypoxia increases collagen I and VEGF expression.^[@bib21]^

During kidney fibrosis, VEGF and PDGF signaling induces pericyte detachment from capillaries and conversion to MFs. Given that hypoxia promotes the production of both growth factors in epithelial cells as mentioned above, hypoxia may indirectly cause pericyte loss, although its direct effects on pericytes remain to be elucidated.^[@bib22]^

It should be noted that even primary pericytes derived from intact tissue tend to be activated and have characteristics of MFs when they are cultured under normal conditions without special stimuli. Therefore, to determine the precise roles of hypoxia and/or HIFs in pericytes, investigation of the effects of specific overexpression and knockout of HIFs in these cells *in vivo* is warranted.

Monocytes and macrophages
-------------------------

Lysozyme M (LysM)-Cre is often utilized to control the expression of a gene specifically in monocytes and macrophages. Mice with increased HIF expression in monocytes/macrophages, in which von-Hippel-Lindau protein is knocked out by LysM-Cre, had fewer macrophages, although they exhibited comparable fibrosis and tubular damage in a UUO model.^[@bib23]^ However, specific knockout of both HIF-1α and HIF-2α in macrophages increased the number of macrophages in UUO without affecting fibrosis. This discrepancy between inflammatory cells and fibrosis appears inconsistent with studies, showing that the ablation of macrophages mitigates fibrosis.^[@bib16]^ One possible explanation is that HIF upregulation and HIF downregulation change the characteristics or subpopulations of macrophages, which alters the effects of alterations in macrophage number. This may result from a varied LysM-Cre efficiency in macrophage subtypes because LysM-Cre deletes a floxed gene in no more than 80% of macrophages.^[@bib24]^ In addition, LysM is also expressed in neutrophils, and gene knockout can therefore also occur in the neutrophils of mice with a LysM-Cre transgene. Therefore, changes in gene expression in neutrophils may have affected the development of fibrosis.

Contrasting properties of HIFs in myeloid-lineage cells have been reported in liver fibrosis. In a bile duct ligation model, macrophage-specific HIF-1β knockout in mice using LysM-Cre led to less fibrosis and ameliorated tissue injury. In conditional knockout mice, the numbers of macrophages had a tendency to decrease, but the difference was not significant. Similar results were obtained with HIF-1α knockout. In this study, PDGF-B expression in macrophages was reduced by HIF knockout, which may contribute to the observed decrease in fibrosis.^[@bib25]^

PERICYTES AS A TARGET TO TREAT HYPOXIA AND FIBROSIS
===================================================

Peritubular capillary rarefaction and fibrosis are causative factors in advancing CKD, as well as common hallmarks of CKD. Therefore, it is important to overcome these two defects in CKD therapy.

This has been attempted through efforts to augment angiogenesis, and to preserve peritubular capillaries and mitigate hypoxia in tubulointerstitial areas.^[@bib26]^ Considering that the simple invasion of endothelial cells into nascent organs during development provides inductive signals to promote organogenesis even without blood flow,^[@bib27]^ angiogenesis may also promote tissue repair and regeneration through effects beyond simple oxygen and nutrition supply. As such, angiogenesis appears to be a more promising therapy for CKD, but success using this approach has not been achieved. However, angiogenesis occurs through complicated mechanisms including the coordinated actions of angiogenic factors. Among them, VEGF-A (VEGF) has predominant roles and by itself can induce angiogenesis.^[@bib28]^

Although treatment with VEGF gives rise to new vessel formation, the new vessels are leaky and unstable. Because leukocytes can be recruited through leaky vessels, they are also pro-inflammatory. This may be related to the fact that proliferation of endothelial cells unexpectedly occurs during the early phase of UUO, when increased VEGF expression and macrophages numbers are also observed, followed by the loss of peritubular capillaries and advanced fibrosis.^[@bib29]^ This suggests that incomplete angiogenesis may leave capillaries unstable with subsequent worsening of inflammation and fibrosis.

These flaws primarily result from the absence of pericytes, which cover immature vessels composed of endothelial cells, inhibit the recruitment of inflammatory cells, and enable the vessels to function properly. It is natural to speculate that pericytes are converted into MFs, and physiological, or properly functioning, pericytes are scarce in CKD. Therefore, deactivation of MFs with subsequent restoration of pericytes is the cornerstone for ameliorating both hypoxia and fibrosis.

How can we achieve this goal? First, we should consider why hypoxic tubular cells cannot induce sufficient angiogenesis although hypoxia is one of the most potent angiogenic stimuli. As mentioned above, in CKD, tubular cells are under hypoxic stress and can express angiogenic factors, including VEGF. It is possible that an imbalance and/or a deficiency exists in the ability of some angiogenic factors to form mature and stable vessels by recruiting pericytes. It is known that several growth factor families, such as PDGFs, angiopoietins, and transforming growth factor-β, contribute to the recruitment of pericytes to immature vessels composed of endothelial cells.^[@bib28]^ If tubular cells predominantly express VEGF and insufficient pericyte-recruiting growth factors, the new vessels will be immature and have fewer pericytes. In addition, pericyte-recruiting factors secreted from tubular cells maladaptively induce the detachment of pericytes from capillaries rather than recruitment to capillaries ([Figure 2](#fig2){ref-type="fig"}). Future studies that verify the profiles and actions of angiogenic growth factors may facilitate CKD therapy aimed at proper angiogenesis.

Given that fibrosis is essentially a protective response to tissue injury and is resolved upon removal of the injury, MFs should be capable of reverting to pericytes. In fact, chronic fibrosis can be reversible in patients when the primary insult is eliminated.^[@bib30]^ However, in advancing fibrosis, pericyte recruitment to newer vessels may be hindered by its fibrogenic phenotype. The exact mechanisms that maintain activated states in MFs and prevent them from reverting to pericytes remain to be elucidated, although many of the growth factors involved in these processes have been identified. Verifying the culprit in intracellular signaling should provide clues to a novel therapeutic method for pathologic fibrosis. Furthermore, restored pericytes should resume the production of erythropoietin,^[@bib13]^ which would ameliorate anemia in CKD. Hence, pericytes mitigate kidney hypoxia not only by increasing vessel stability but also by enhancing the capacity of blood to convey oxygen.

Macrophages also have roles in both angiogenesis and fibrosis.^[@bib16],\ [@bib24]^ They can express VEGFs, PDGFs, fibroblast growth factors, and angiopoietins, sometimes in response to hypoxia. During angiogenesis and/or fibrosis, these factors are secreted from so-called 'M2\' macrophages, which promote tissue repair. However, M2 macrophages are thought to be further subdivided into angiogenic and fibrogenic macrophages, although their relevance *in vivo* remains unclear.^[@bib16],\ [@bib24]^ It is also possible that macrophages express a relatively homogenous repertoire of growth factors that is dependent on the surrounding milieu. Regardless, macrophages can affect pericyte activation. Therefore, control of the differentiation of macrophage subtypes and/or growth factor production is another possible method for CKD therapy.

In addition to determining the roles of particular cell populations, studies have revealed that the general activation of HIFs by PHD inhibition can promote angiogenesis. For example, peptide-mediated inhibition of PHDs generates more mature and less leaky vessels than those generated by growth factors.^[@bib31]^ Knockdown of PHD2 in endothelial cells or pericytes also leads to more stable vessels.^[@bib32]^ These findings indicate the existence of some unidentified factors or mechanisms promoting vessel stabilization through pericyte recruitment. Chemical PHD inhibitors are under development and have therapeutic potential for the treatment of CKD.

CONCLUSIONS
===========

Although CKD and the resultant renal replacement therapy are an increasing burden for patients and society, no decisive therapeutic method has been developed. Fibrosis and hypoxia are major therapeutic targets for treating tubulointerstitial lesions in CKD. During fibrosis, pericytes leave capillaries and become ECM-producing MFs. This process results in capillary fragility and rarefaction, which are central causes of hypoxia. Therefore, deactivating MFs to restore pericytes naturally emerges as a potential CKD therapy. Much still remains to be elucidated, but future investigations may unravel the detailed mechanisms of the fibrotic process and thereby open new avenues for promising therapies to prevent or reverse CKD.
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![**Regulation of hypoxia-inducible factors.** In normoxia, certain proline residues of the α subunits of the hypoxia-inducible factor (HIF) are hydroxylated by prolyl hydroxylases (PHDs) using oxygen. The hydroxyprolines (HP) allow von-Hippel-Lindau (VHL) protein to bind and ubiquitinate HIF-α, which results in their proteaosomal degradation. In contrast, HIF-α escapes from post-translational modification by PHDs in hypoxia. HIF-α forms a heterodimer with a β subunit (HIF-β) and then binds to a hypoxia response element (HRE) in the regulatory region of a target gene and promotes its transcription. Ub, ubiquitin.](kisup201420f1){#fig1}

![**Targets to deactivate myofibroblasts for proper angiogenesis.** Pericytes wrapping capillaries are activated by stimuli including growth factors produced by injured tubular cells and profibrotic macrophages, and become myofibroblasts that deposit extracellular matrix, resulting in fibrosis. Deactivation of myofibroblasts and subsequent restoration of pericytes are essential for the formation of stable and non-inflammatory capillaries during angiogenesis. Boxes show the mechanisms promoting fibrosis that can be targeted for myofibroblast deactivation.](kisup201420f2){#fig2}
